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INTRODUCTION

The opportunity presented in this SBIR program is to develop models for composite ma-
terial response of deformation and failure under mine blast conditions. Integration of these
material models into a proven commercial hydrocode will significantly enhance the analyti-
cal capability in evaluating and designing lightweight composite material and structural
concepts for the United States Marine Corps crew protection kits (CPK).

The USMC/USA has been successfully developing crew/vehicle protection kits (CPK) to
provide increased crew survivability of tactical wheeled vehicles subject to mine blast [1-
3]. However, these CPK’s are currently based on a conventional steel/aluminum construc-
tion and are close to % ton in weight. As may be expected, there are payload and mobility
penalties associated with the utilization of these devices in the field. Use of lightweight
composite material elements presents an opportunity for significant weight savings.

Composite materials offer high strength and high stiffness at a fraction of the weight of
competing metallic materials. However, they differ significantly in behavior from metallic
materials especially in terms of their failure modes and energy absorption characteristics.
All the major structural characteristics of the composite materials (strength, stiffness, fail-
ure mode, energy absorption) are dependent on the details of the composite construction.
The problem is further complicated by the response of composite structures to high speed
dynamic loading such as blast. Under blast loading conditions, shock waves are gener-
ated.

A composite laminate is usually composed of layers of fiber reinforced layers which are
oriented in various directions. The stiffness and strength perpendicular to the fiber axis are
usually much smaller than those parallel to the fibers. Thus, propagation of shock waves
generated by blast loading becomes an anisotropic and muitilayer problem requiring in-
creased complexity. Under such complicated shock conditions, complex interactions occur
between the layers and generate complex damage states involving delaminations and fiber
damages.

It may be readily seen that efficient composite design requires an integrated approach
whereby, the material selection, material construction, and response of the structure are
all considered concurrently. In general, hydrocodes, however, have been developed mainly

for isotropic structures. Phase | of this study has demonstrated that dynamic structural




analysis with the presence of shock waves can be accomplished by the integration of
composite material models with a hydrocode. Further research efforts are needed to fully
implement these composite material models with the hydrocode and validate the modeling
capability for USMC composite structures.

The computer program chosen for further development is the hydrocode LS-DYNA3D.
LS-DYNAZ3D is a three-dimensional, Lagrangian, finite element wave propagation computer
code [4, 5]. Its capability of modeling problems of explosive loading, shock impact and its
flexibility in adopting composite material models have been evaluated in the Phase | study.
Though LS-DYNA3D will be used, the methodology developed in this SBIR research will be
applicable to other hydrocodes. The development and capability of various hydrocodes are

reviewed in [6, 7].




PHASE | SUMMARY
Phase | accomplishments are summarized as follows:

Identification and development of the following missing elements for application of LS-

DYNA for composite blast modeling

e Equation of state for heterogeneous anisotropic media

e 3D composite failure models
. Demonstration of blast modeling of a composite sandwich panel

The capability of utilizing LS-DYNA3D to model the composite structural response un-
der mine blast conditions have been critically evaluated. Figures 1 and 2 show the re-
sponse of a simply supported sandwich plate subjected to transverse blast loading with
due consideration to the progression of tensile fiber failures in the composite face
sheets. The results have clearly demonstrated the unique capability of LS-DYNA3D in
modeling progressive failure within composite structures. It is, however, necessary to
enhance the modeling capability to accurately simulate the complicated failure behavior

in blast loaded composite structures.
. ldentification of potential composite failure modes under mine blast conditions '

In general the basic damage modes, which may occur in a composite structure sub-
jected to impact loading, are matrix cracking, delamination and fiber breakage. The
degree of interaction among these basic modes is strongly dependent on the impact
conditions, structural configurations, and boundary constraints. Potential damage
modes, which may be important to composite structures under blast loading conditions,

have been evaluated utilizing LS-DYNA3D. These critical damage modes are:

e Delamination induced by in-plane shock wave, Figure 3.




e Through the thickness compressive failure and interply separation, Figure 4.

e Fiber damage and matrix shear failure, Figure 1.

4. Integration of the 3D composite failure model within LS-DYNAZ3D for progressive failure

identification

The MSC 3D composite failure model has been successfully incorporated into LS-
DYNA3D through the user-defined material option. The failure model is applicable to
thin shell element, thick shell element and 3D brick element. It allows the definition of
the failure criteria of each layer in an arbitrary composite layup configuration within a
shell element. Progression of various fiber and matrix failure modes within each layer
are modeled during the dynamic analysis utilizing some simplified property reduction
criteria. Figure 5 demonstrates the evolution of delamination failure in the face sheets
of a sandwich panel subjected to mine blast loading. The progressive property degrada-

tion model will need further improvement in the Phase Il study.




PHASE | OBJECTIVE

The overall objective of this SBIR program was to develop an analytical method for
evaluating alternate composite structural concepts for the USMC vehicle crew protection
kit under mine blast conditions. The following were the specific objectives of the proposed

Phase | effort:

1. Development of composite material behavior models suitable for the determination
of composite deformation and failure under blast load.

2. Establishment of a blast load prediction capability within the proven commercial hy-
drocode LS-DYNA3D.

3. Improvement of the hydrocode LS-DYNA3D with integrated composite behavior

models for blast structural analysis.
To meet these objectives, the work was divided into four tasks as described below:
Task |- Composite Models For Hydrocode Analysis
Task la - Equations of State
Task 1b - Constitutive Relations
Task Ic - Failure Models
Task Il - Blast Load Estimation
Task 1l - Hydrocode Analyses
Task llla - Hydrocode Evaluation
Task llib - Model integration
Task lllc - Code Demonstration

Task IV - Parametric Studies

Descriptions of works performed in these tasks are given next.




DESCRIPTION OF TASKS AND RESULTS

TASK | - COMPOSITE MODELS

The objective of this task is to evaluate and develop simple material models for dy-
namic analysis of composite materials for the mine blast load conditions. Development of
appropriate composite material models requires three sub-tasks to be addressed: (1) equa-
tion of states are required to determine the composite level shock response under blast
conditions: (2) constitutive relations are required to translate composite level loads into fi-
ber and matrix stresses and strains; and (3) failure models are required whereby these local
material stresses may be compared with local material strengths for damage assessment.

An equation of state that is suitable for a transversely isotropic medium has been de-
rived. The equation of state is generalized to include the portion of pressure resulting from
the deviatoric strain which is neglected in LS-DYNA3D, since it does not exist for isotropic
material.

A micromechanics based equation of state for a unidirectional composite layer has
been developed utilizing a simple mixture approach. The effective equation of state ac-
counts for the composite compressibility effects (change of density) and the irreversible
thermodynamic processes (such as shock heat) based on the corresponding shock proper-
ties of the fibers and the matrix.

A layer failure model based on the 3D failure criteria of Hashin [8] with a slight modifi-
cation have been provided. Also provided is a generalized Coulomb-Mohr failure criterion,
which may be able to better characterize the composite matrix failure mode under com-

pression dominated loads [9].

Task la - Equations of State

Current hydrocode modeling capabilities for shock behavior are confined almost exclu-
sively to isotropic homogeneous media. Little provision has been made for anisotropic het-
erogeneous composite materials. Propagation of shock waves through these media pro-

duced by blast impact may result in many complex phenomena associated with direction-




ally dependent material properties, strength and failure mechanisms. Before accurate pre-
dictions of composite failure under shock waves can be achieved, the behavior of con-
stituent materials under the shock state and the associated release path must first be un-
derstood.

Generalization of a hydrocode for anisotropic composite materials requires considera-

tion of two elements:

1). Appropriate constitutive relations to account correctly for anisotropic effects.
and

2). A procedure whereby shock effects are partitioned within the constituents.

Within the general framework of a hydrocode, a constitutive relation describes the par-
ticular nature of the material by relating the stress in the material with the amount of dis-
tortion (strain) required to produce this stress; and an equation of state relates the density
(or volume) and internal energy (or temperature) of the material with pressure. While cur-
rent commercial hydrocodes such as DYNA3D have successfully incorporated anisotropic
constitutive models, further effort is required to generalize the equation of state for fully
anisotropic materials. An additional procedure is also required whereby the shock effects
are effectively partitioned between the fibers and the matrix. To accomplish these gener-

alizations, two subtasks are required.

Anisotropy Generalization

In an isotropic medium, application of hydrostatic pressure will produce a uniform
strain. However, for a general anisotropic body, a hydrostatic pressure will introduce dif-
ferent normal strain components in the three principal directions. Therefore, for ani-
sotropic materials, application of pressure produces both a volumetric strain (dilatation) and
a deviatoric strain. Since shock wave experiments on isotropic materials typically provide
data for the pressure as a function of volumetric strain, a consistent procedure has to be
developed to interpret the high-pressure material response (equation of state) so that the
summation of the deviatoric stresses and the thermodynamic pressure will provide the cor-

rect stresses in the elastic regime.




An equation of state that is suitable for a transversely isotropic medium has been de-
rived. The results are given in Appendix A. The equation of state is generalized to include
the portion of pressure resulting from deviatoric strain. This formulation has been estab-
lished to minimize the necessary modification of the hydrocode LS-DYNA3D in order to im-
plement the anisotropic generalization. This is because in LS-DYNA3D, the total stress is
separated into deviatoric stresses and thermodynamic pressure which is a formulation
commonly used in classical plasticity theories. Integration of these more general equations

of state in the LS-DYNA3D code will be performed in Phase Il.

A Mixture Theory

In the capacity of current hydrocodes, a composite material can be modeled by a given
number of orthotropic homogeneous layers of different orientations. This requires the
knowledge of the effective shock properties for a composite layer before the start of the
analysis. In this Phase I, a simple mixture approach similar to that given by Torvik [10] is
used to develop a micromechanics based equation of state for a unidirectional composite
layer. The effective equation of state accounts for the composite compressibility effects
(change of density) and the irreversible thermodynamic processes (such as shock heat)
based on the corresponding shock properties of ‘the fibers and matrix. This provides a
simple but effective micromechanical approach for partitioning the composite shock prop-
erties and incorporate it in the macroscopic hydrocode LS-DYNA3D for shock wave analy-
sis. The derivation is given in Appendix B. “

It is known that the shock responses of fibers and matrix are, in general, very different;
typically, the matrix material is considerably more compliant than the fiber. The passage
of a shock wave will result in different thermodynamic states for the two materials.
Therefore, it is necessary to obtain a more accurate thermodynamic material response of a
composite layer by using the dynamic material characteristics of each constituent at every
time step.

in Phase 1l the mixture theory will be used to treat the individual thermodynamic re-
sponses of a composite material within the context of a macroscopic continuum computer
code. The methodology will be complex enough to encompass the essential physics, and

yet sufficiently simple for incorporation into existing hydrocodes.
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The requirements for incorporating a mixture theory within a hydrocode has been dis-
cussed in [11, 12]. In general, alterations to the mass and momentum conservation equa-
tions in hydrocodes to characterize the dynamic response in each constituent is a formida-
ble task. On the other hand, constitutive equations and the energy equation are relatively
easy to access and modify. Thus, a simple mixture theory may be formulated by consid-
ering no relative motion between the constituents. At each time increment computation,
the position, velocity and acceleration of a basic composite mixture will be obtained on the
homogenous macroscopic element level. The thermodynamic variables in individual con-
stituents including density, pressure, temperature and internal energy will then be com-
puted on the microscopic level. The micromechanical formulation of the mixture theory is
based on the equations of state and energy equations of each constituent together with
the definition of volume fraction mixture of the constituents. A subcycling numerical
scheme based on the mixture theory will be developed and incorporated into the hydrocode

LS-DYNA3D.

Task Ic - Failure Models

The failure analysis capability for laminated composites provided by the hydrocode LS-
DYNA3D has been examined. The model for layer failure used in LS-DYNA3D is the
Chang-Chang model, [13], which provides various failure modes solely due to in-plane
stresses in a unidirectional layer. In this 2D failure model, the failure modes due to out-of-
plane shear and through the thickness normal stresses are neglected. It is, f\owever,
known that all the six stress components can be generated when a laminate structure is
subjected to transverse blast loading and can play significant roles on layer failure. In addi-
tion to the in-plane failure modes, crash failure may result due to the high blast pressure
load. Shear failures in the layers may result due to the high out-of-plane shear stresses.
Furthermore, it is known that delamination in laminated composite plates is significantly
influenced by out-of-plane shear stresses.

A layer failure criterion based on 3D stresses with improved failure modeling capability
for the current application is provided in Appendix C. This failure model was incorporated
in LS-DYNAZ3D in this Phase | study. This 3D failure model was encoded as a user-defined

subroutine for the use in LS-DYNA3D. This material subroutine was successfully compiled
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and linked with LS-DYNA3D on a Pentium-based PC. Assistance was provided by KBS2
Inc., which is the vender of the current PC version of LS-DYNAS3D, to accomplish this task.
Results utilizing the material model for failure identification within LS-DYNAS3D are reported
in Task IV.

In this work a Coulomb-Mohr failure criterion was also evaluated for its applicability to
characterize the composite matrix failure mode under compression dominated loads. This
capability is essential for mine blast applications, since when a composite plate is sub-
jected to transverse blast loading, high compressive waves propagating through the thick-
ness of the plate can be generated.

According to Hashin’s arguments [8], high compressive stresses applied in the direction
transverse to the fibers can result in matrix mode compressive failures. Note that matrix
failures must occur without fiber failure and hence they will occur on planes parallel to
fibers. Hashin suggested matrix failures in tensile and compressive modes based on the
property of transverse isotropy of a ply and other physical arguments. While the tensile
failure criterion can characterize experimental data reasonably well, the compressive failure
criterion is not well tested especially in the high pressure region. Recently, at MSC, a
matrix mode failure model based on a generalized Coulomb-Mohr type criterion has been
successfully utilized to correlate some failure data for high compressive loads, [9]. By
considering only the effect of the two normal stresses o: and o; that are transverse 10 the
fiber direction, the failure surface based on the Coulomb postulate has the form

o, =—0; +mo, )
m=(1+sing)/(1-sing)

where o1 is the uniaxial transverse compressive strength and ¢ is the inclination of the

planes of fracture. Note that o't and ¢ can be measured from a transverse compression

test.

Failure surfaces of Hashin and Coulomb-Mohr criterion are compared in Figure 6 utiliz-
ing the experimental data provided by Collings [14]. The transverse compressive strength
is 120 MPa and ¢ = 40°. As shown in Figure 6, compression cut-offs based on maximum
shear stress are provided at very high compressive stresses. This is due to the fact that at
the very high pressure region, the compressive failure transfers from the matrix compres-

sion mode to a fiber shear failure mode [14]. Because of the presence of fibers, stresses
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to cause such fiber shear failures are extremely high, and may be much higher than the
maximum compressive stresses under the current mine blast conditions.

It is seen from Figure 6 that the discrepancy between these two criteria increases as
the stress increases. When a composite plate subjected to a transverse blast of 3000ATM
(304 MPa) peak pressure, the contact stress is o3 = 304 MPa. However, under the blast
loading, high in-plane transverse stress o, is usually caused due to the resistance to Pois-
son’s strain. It is seen from the failure surfaces of Figure 6, the composite plate would fail
with the existence of o, > -120 MPa for the Hashin failure surface and o, > -40 MPa
based on the Coulomb-Mohr surface.

The compressive stresses occurring in a blast-loaded plate can be very complicated.
The high through the thickness compressive wave can interact with the flexural compres-
sive wave propagating in the plane of the plate. The compressive stresses under mine
blast conditions are likely to be in the range of 100 MPa to 400 MPa. In Phase it, the ap-
plicability of both the Hashin’s and the Coulom-Mohr type compressive failure criteria in
the region of concern will be further evaluated by correlation with published experimental

data.

TASK Il - BLAST LOAD ESTIMATION

Description of blast wave formation and the effects of blast loading on structures may
be found in numerous references, e.g., [15]. In general, when a quantity of high explosive
material is caused to detonate in air, the hot highly compressed gaseous products of the
reaction act on the air surrounding the explosive, rapidly forcing it out of the volume it oc-
cupied. This causes a shock wave to propagate in the air with an instantaneous high pres-
sure pulse propagating along the wave front. Precise analysis of 3D blast waves and blast
wave effects can be very time consuming.

The purpose of performing mine-blast wave analysis for a CPK structure is twofold.
First, the analysis will provide the blast loading history for structural integrity evaluation.
Second, it will provide the evaluation of blast wave deflection capability of the CPK struc-
ture. There are three possible approaches reported in the literature for blast wave interac-

tions: (1) simple analytical blast models, (2) hydrocode analysis with proper equation of
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state for the compressed air, and (3) use of detailed CFD codes such as AUGUST code de-

veloped by SAIC [1-3]. Evaluation of these approaches were performed in Phase I.

(1) Simple Analytical Blast Model

For dynamic analysis of structures, the blast effects are most conveniently represented
by a loading-time history that is applied to the structural member as transient loading. The
pressure-time history of a typical blast wave as observed at a location reasonably removed
from the center of explosion is shown in Figure 7. At an arrival time (e.g., t=0) after the
explosion, the pressure at this location rises quickly to a peak value of overpressure above
the local ambient pressure, Po. The pressure then decays to ambient in time t;, to a partial

vacuum of very small amplitude, and eventually returns to Po.

Incident Overpressure

Defining the form of the wave decay in a mathematical form is not a simple task. Ex-
pressions of varying complexity have been suggested by some investigators as cited in
[16]. However, a most commonly used form is that the decay overpressure is described
as quasi-exponential in character. In terms of a dimensionless wave form parameter o and
time t measured from the instant the shock front arrives, the relation is established as

t
t,2120 P)=—F,

p

(2)

1>t P=(1-1)e*P, t'= L

P
s P
It is noted that the loading-time relation at a certain location is characterized by the values
of the rise time t,, the duration time for the shock wave t;, the decay parameter o, and the
peak overpressure P,. For a certain type of explosion, these parameters are usually ex-
pressed in terms of the distance from the center of explosion to the given location, R, and
the weight of explosive, W. Various expressions such as P, = PJ(R, W) have been given in
literature for various explosions ranging from conventional high explosives to atomic weap-

ons, e.g., [15].

12




Reflected Overpressure

Although blast loading may also be affected with the airflow behind the shock front, it
is known that the most destructive effect of a blast wave is usually by the peak over pres-
sure under blast conditions. When the blast reaches a rigid object at right angle, the re-
sulting reflection produces a reflected overpressure , P, which is simply given by

P =2P (3)
where P is the incident overpressure given by equation (2). This perfect reflection assump-
tion will always yield high estimates of reflected impulse.

During the Phase ! study, it has been recognized that LS-DYNASD incorporates a simple
analytical blast model to provide blast pressure history on structure surfaces. It is also
recognized that the computer code ConWep, used by the ARMY [17], also provides re-
flected pressure histories under air blast conditions. Utilizing an equation similar to equa-
tion (2), ConWep provides the parameters of pressure decay for the explosion of a wide

variety of weapons.
(2) Hydrocode Analysis

It is seen from the literature that hydrocodes have been used for the simulation of blast
wave interactions with structures {18, 19]. Good correlation between hydrocode results
and experiments have been reported. In general, a hydrocode has the potential to be an
efficient tool for the detailed investigation of complex blast wave propagation problems by
including some basic capabilities such as (1) grid remapping function, (2) Euler grid formu-
lation, and (3) selection of various equations of state. Typical procedures for blast simula-
tion provided in [18] are described in the following paragraphs.

Euler remapping capability is essential for blast loading problems. Blast problems are
usually represented by means of an Euler grid in which material is transported from one cell
of the grid to another. The grid remains fixed in space and undeformed in contrast to a
Lagrangian grid which does deform and through which material is not transported. The
later grid formation is known to be more suitable for structural analysis. The blast analysis

involves establishing a fine, wedge-shaped grid at the apex of which the explosive material

13




(TNT) is located. In this case, a calculation is usually run as a one-dimensional (1D) grid
until a reflecting surface is encountered by the blast wave when a 2D or 3D grid is created
and filled by the remapping facility.

The TNT is commonly modeled by the so-called JWL equations of state (EOS) [4].
When a JWL has expanded to more than a certain amount (e.g., 10 times) of its original
volume, the EOS can be converted to that of an ideal gas as described in [18]. Conse-
quently, TNT is modeled as an ideal gas in the converted 2D or 3D grid. Through proper
selection of grid size, EOS and integration time step, good correlation with experimental
measurements can be achieved for some complex blast/structure interaction problems.

The blast wave modeling capability has recently been installed in LS-DYNA (version
940) {20] provided by Livermore Software Technology Corporation [21]. Figure 8a shows
a 3D Eulerian problem of a one quad of cylindrical shell, with high explosive Eulerian mesh
inside the cylinder, and Eulerian air mesh outside the cylinder. Figure 8b shows the initial
and final geometry of the cylinder. Figures 9a and 9b show the velocity and displacement
time history of a node at 2.54 cm from the detonation point, respectively. While it is obvi-
ous that LS-DYNA is capable of modeling simple blast wave problems, it is necessary to
further evaluate this capability and assess the accuracy of this approach for modeling

complex blast wave problems such as those for CPK design.

(3) CFD Code Analysis

Computational fluid dynamic (CFD) simulations were performed for CPK stru‘étures at
SAIC by using the AUGUST code [1-3]. In this code, the second order Godunov method
was used on adaptive unstructured tetrahedral grids while the Becker-Kistiakowsky-Wilson
(BKW) equation of state was used for accurate simulation of the initial phase of blast ex-
pansion [3].

AUGUST adapts the unstructured grid system which is very well suited to implement
the boundary conditions on complex geometrical shapes such as those for a military cargo
truck. It also provides a grid generating scheme which allows the capacity of grid refine-
ment and coarsening based on the local shock wave conditions. This code has been suc-
cessfully applied to predict the pressure distribution due to mine blast and CPK interaction

at close range.
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The AUGUST code, however, does not provide a direct link to dynamic structural
analysis codes for damage analysis of structures subjected to blast loading conditions.
Furthermore, this code currently is not in the public domain and may not be available for
potential designers of applications such as CPK.

It appears that the simple blast model can provide some reasonable estimates for mine
blast pressure histories. Computer codes such as ConWep can be readily used to perform
preliminary evaluation of various material and structural concepts for enhancing mine blast
resistance. It is believed that the AUGUST code can provide the most accurate shock
pressure prediction for performing detailed CPK design. it would be desirable for a de-
signer to be able to access the AUGUST code directly for various Phase Il applications of
this SBIR project. The emerging capability of analyzing blast wave in air and its interaction
with a target structure adopted in some commercially available hydocodes provide other
alternatives for blast load estimation. It, however, requires further evaluation with regards
to the accuracy in predicting the shock pressure histories for mine blast and structure in-

teraction in close range.

TASK lll - HYDROCODE ANALYSES

Task llla - Hydrocode Evaluation

The capabilities of LS-DYNA3D were evaluated by performing mine blast analysis of a
wide variety of composite plates and shells. Results of this evaluation task performed are

summarized as follows.

Element Selection

Three types of elements were evaluated including (i} shell, (ii) thick shell, and (iii) 3D
continuum. The results are summarized in Table 1. It is seen from Table 1 that both shell
and thick shell elements provide the capability for user-defined laminate layup. However,
only the thick shell formulation is consistent with the 3D stress representation which is

essential for application of the 3D failure model. Consequently, the thick shell element is

15




most suited for the use of modeling dynamic behaviors of composite structures under mine

blast conditions.

Table 1. A Comparison of the Feature of the Current LS-DYNA
Composite Elements

Element Analysis Requirements

Type
Laminate 3D Stress | Lamina Post Processing | Composite
Input Failure* Equation of

State

Thin Shell Yes No 2D Yes No

Thick Shell | Yes Yes 2D No** No

3D Brick No Yes 2D Yes No

* |ndicates a 3D failure model is required
** |ndicates an improved version is required

Failure Model

As described in the Task Ic subsection, the current LS-DYNA3D composite laminate
failure analysis model considers only a 2D stress state for composite laminates. Once fail-
ure occurs in a composite layer, the material may undergo some degree of property loss in
the damaged area. The degree of property loss are strongly dependent upon the failure
mechanisms resulting from the damage. Consequently, the material degradation model is
usually established on the basis of the proposed failure criterion. Due to the use of a 2D
failure criterion, the progressive damage analysis capability provided by LS-DYNA3D is
again limited to in-plane fiber and matrix damages. In Phase | of the research, a 3D failure
criterion has been successfully incorporated into LS-DYNA3D. As provided in Appendix C,
the 3D failure criterion accounts for five basic failure modes in a unidirectional layer in-
cluding (1) fiber tensile mode, (2) fiber compressive mode, (3) matrix tensile mode, (4) ma-
trix compressive mode, (5) delamination mode. These failure modes are represented by
five distinct failure functions. The 3D criterion used in this study enhances the simulation
capability of LS-DYNASD.

Simple property degradation procedures have been adopted in the user-defined subrou-

tine described in Task Ic. When fiber tensile and compressive failures are predicted in a
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composite layer, the layer is assumed to carry no load. When a layer delamination condi-
tion is satisfied, the layer is assumed to carry no tensile load through the thickness. The
effect of matrix damage on the layer stiffness is neglected. It should be noted that these
property reduction criteria are oversimplified for the sake of easy incorporation in LS-
DYNAS3D for the Phase | damage evaluation. Some preliminary resuits of progressive fail-
ure analysis are presented later in the subtask lllc. It is recommended that in the Phase Il
study, some fracture mechanics based property degradation criteria be investigated to bet-
ter characterize the progressive damage states in composite structures under mine blast

conditions.

Material Model and Equation of State

LS-DYNA3D includes a group of constitutive laws and equations of state for a wide va-
riety of materials. However, input properties for LS-DYNA3D analysis are limited to single
phase materials including that for a composite layer. For composite applications, stand-
alone computer codes have been developed at MSC to evaluate effective layer properties
(including progressive damages) from constituent properties based on some well developed
micromechanical models. These material models have been integrated with the commer-
cial finite element code ABAQUS [23, 24] for use in general structural analysis. Such ma-
terial analysis codes can also be incorporated into LS-DYNA3D through the user-defined
material subroutine. However, it would be more convenient to establish a preprocessing
procedure for the constituent property input and the effective composite property} calcula-
tion.

Implementation of the micromechanics based equation of state suitable for a trans-
versely isotropic composite layer developed in Task la requires modification of the source
code at both the preprocessing and the computation levels. Attempts to implement the

material analysis model and the composite equations of state will be explored in Phase il.

Pre- and Post-Processing

MSC had contacted KBS2 Inc. at Burr Ridge, IL, which is the vendor of the current PC

version of LS-DYNA3D, concerning the post processing capability. In responding to the
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need for this SBIR research, KBS2 provided MSC with an improved version to support the
post processing for the thick shell element.

Additional enhancements are needed for pre- and post-processors capability within LS-
DYNA3D to fully accommodate composite material inputs and evaluation of composite
blast response. These include:

e Input for constituent properties and composite layup configurations.
e Procedures for blast loading application.

e Visualization of the progression of composite failure development for selected modes.

Such enhancements will be accomplished in Phase il.

Task llic - Code Demonstration

LS-DYNA3D was used to analyze a simply supported sandwich plate subjected to
transverse blast loading with due consideration to tensile fiber failure in the composite face
sheets. This code was also used to identify various potential failure modes, which may
occur in composite structures under blast loading conditions. The results are presented as

follows.
(1) Fiber Failure in a blast loaded sandwich panel

A typical pressure-time history of a mine blast wave was used to perform ;he mine
blast simulations. The peak overpressure was at 1390ATM (141 MPa, 20.4 ksi) with an
assumed rising time of 0.1 p-sec. The pressure was assumed to decay exponentially after
the peak load. Note that for simplicity this simple pressure-time history has been used for
the Phase | demonstration. More accurate pressure history pulses can be obtained from
the codes such as AUGUST [1-3] and ConWep [17].

A 164cm x 164cm simply supported composite sandwich plate was considered. The
top 7.1mm-thick face and the bottom 9.7mm-thick face consisted of ply layups of sym-
metric and quasi-isotropic [0/90/+45],, configurations. The syntactic foam core layer had a

thickness of 27.6mm. The elastic properties for a transversely isotropic unidirectional
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S2/Epoxy layer shown in Table 2 are: E» = 55.9GPa (8.1 Msi), Exr . 18Gpa (2.6 Msi), va =
vr = 0.27, Ga = 7.6 GPa (1.1 Msi). The isotropic elastic properties of the syntactic foam
core are E = 2.21 GPa, v = 0.35, [22]. The densities for the face sheet and the core ma-
terials are 1.99g/cc and 0.721g/cc, respectively.

The finite element model consisted of a ¥%-symmetry coarse mesh of 400 thick plate
8-noded elements. Both the face sheets had one through the thickness element, while the
core had two thickness elements. Only one quadrant of the square sandwich panel was
modeled because of the geometric symmetry and the effective quasi-isotropic composite
properties. The nodes on the outer edges of the bottom face sheet were fixed in the
2-direction to simulate simply supported conditions. The symmetry edges of the model
were constrained according to the symmetry about xz and yz planes. The pressure pulse -
was applied uniformly to the top surfaces of each of the top face elements.

LS-DYNA3D allows definition of an arbitrary composite layup configuration within a
shell element. Each ply in the layup configuration has a unique orientation angle which
measures the offset from some reference in the element. Each integration point through
the shell thickness (typically though not limited to one point per ply) requires the definition
of the ply orientation angle at that point. In each element of the top and bottom face
sheets, 16 layers with [0/90/£45],, layup were specified for the blast analysis.

The model for layer failure used in LS-DYNA3D is the Chang-Chang model, [13]1, which
provides various failure modes solely due to in-plane stresses in a composite layer. One of
the most dominant failure modes due to in-plane loading is the fiber failure. In ‘ghis task,
this 2D failure model was used to simulate the panel deformation with the progression of
ply-by-ply fiber failure under the blast loading condition. Due to the limitation of this failure
model, only the tensile fiber failure mode was considered. Nevertheless,vthe following re-
sults will clearly demonstrate the unique potential of utilizing LS-DYNA3D to model the dy-

namic composite response with due consideration to progression of various failure modes.
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The blast pressure pulse was applied normally on the top face of the sandwich plate.
Plots of panel deformation and stress contours of the in-plane normal stress in the x direc-
tion, o,, at 0.5msec, 1.0msec, 1.5msec and 2.0msec are shown in Figures 10-13. Itis
seen from Figure 12 (at 1.5msec) a tensile peak stress of about 240 ksi occurred in the
element at the center bottom face sheet. The element eventually failed due to the pro-
gression of fiber failures in all the composite layers in this element. Note that the ply has
an axial tensile strength of 260 ksi. Figure 13 shows that at 2.0msec, the failed element
was eliminated form the model, and load redistribution was computed. The progression of
damage due to the tensile fiber failure mode is more clearly demonstrated by the stress
plots of the bottom face sheet as shown in Figures 14 to 17.

The above analysis results clearly demonstrate the capability of LS-DYNA3D in model-
ing the progressive failure of a composite structure. However, it should be noted that it is
necessary to enhance its damage modeling capability for other important failure modes. In
addition to fiber failure mode, other potential failure modes, which may occur in composite

structures under blast loading conditions, are identified in the following subsections.
(2) Delamination induced by in-plane shock wave

Delamination may result as shock waves propagating in a composite laminate. As a
shock moving in the plane of a laminated plate, shock waves will propagate with different
velocities in differently oriented layers. With the existence of bonded ply interfaces, the
wave front of a faster wave will be pulled back while the slower wave will be puéhed for-
ward. This type of interaction introduces shear stress in the ply interfaces along the wave
direction. Analyses results provided below indicate that such interface shear stresses near
the shock wave front can be high enough to cause interply separation.

Computations were made to simulate a composite plate of infinite extent in the y-z
plane that impacts a smooth rigid surface at x = O. The composite plate consisted of
(0,90}, S2/Epoxy layers with x and y in the 0° and 90° directions, respectively.

Only a repeating layer, [0/90],,,, was modeled. Nodes were restrained in the y-z plane
to give the proper lateral restraint to the model. Impact was simulated by giving all ele-
ments a uniform velocity of -25.4m/sec in the x-direction. This model was established to

examine the potential damage behavior from shock wave moving in a composite laminate.
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The results of normal stress ox and shear stress oy, at 0.2p-sec after the impact are
shown in Figure 18. It is clearly seen in Figure 18a that the wave front in the O-layer trav-
eled much faster than that in the 90-layer. The wave front interaction between these lay-
ers resulted in high interlayer shear stress as shown in Figure 18b. It is noted that such
shearing stresses are important near the shock front and near the layer interface. The
shear stresses vanish at the center lines of each layer.

As the S2/Epoxy material was subjected to the impact velocity of 25.4m/sec, the peak
axial stress in the O-layer was 600 MPa (87 ksi) which is well below the allowable com-
posite axial compressive strength of 960 MPa (140 ksi). However, the maximum shear
stress of 78 MPa (11.3 ksi) reached the composite shear strength of 83 MPa (12 ksi). The

likelihood of shear failure due to the propagation of in-plane shock waves is obvious.
(3) Through the thickness compressive failure and spall fracture

Compressive failure and spall fracture may result as blast shock waves propagate
through the thickness of a laminate plate. When a composite plate is subjected to a trans-
verse blast load, a high compressive shock wave propagates through the thickness of the
plate immediately after impact. After reaching the opposite free surface of the plate, the
compressive wave is transformed into a reflected tensile wave. While compressive failure
may result due to the high blast pressure, the reflected tensile wave may cause interply
separation.

A fixed ended sandwich plate subjected to blast loading was analyzed. The fixed
ended sandwich plate had a span of 164cm (66 in.) in the x direction and an infinite extent
in the y direction. It has the same through the thickness configuration as that analyzed in
subsection (1). The composite layup in the face sheet was [0/90/90/0]. The pre-processor
within LS-DYNA3D was used to generate the FEM model for % of the plate. 8-noded brick
elements were used. Fine mesh was established to accurately predict the through the
thickness stresses. Nodes were restrained in the y-z plane to give the proper lateral re-
straint to the mode. The blast load which peaked at 1390ATM (141 MPa, 20.4 ksi) was
applied normally on the center half of the top face of the sandwich panel.

Figures 19-22 show the shock waves of o, propagating through the thickness of the

sandwich plate. High shock stress o, of 141 MPa (20.4 ksi) was directly from the contact
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of the blast load. There was also a high in-plane transverse stress o, of 116 MPa (16.7
ksi) resulting from the resistance to Poisson strain. To identify the ply failure under such
high pressure state required the use of the compressive matrix failure criteria discussed in
Task lc.

When the initial shock wave reached the opposite free surface of the plate, the com-
pressive wave reflected into a tensile wave. After several reflections, a maximum tensile
stress of over 75 MPa (11 ksi) was developed in some plies in the bottom face sheet, Fig-
ure 22. Due to a tensile transverse strength of 60 MPa (9 ksi) for the S2/Epoxy compos-
ite, the tensile wave may cause interply separation in the bottom face sheet. Further
propagation of such a through the thickness failure may cause complete layer delamination
or result in spall fracture.

In general, impact damage of a composite structure subjected to blast loading is a
combination of matrix cracking, delamination and fiber breakage. The degree of interaction
among these basic modes is strongly dependent on the impact conditions, structural con-
figurations and boundary constraints. The examples given above clearly demonstrate that
it is necessary to improve the composite failure analysis capability available in the current
version of LS-DYNA3D to make it a useful design tool for composite structures under blast
loading. Preliminary results of blast damage simulation utilizing LS-DYNA3D integrated

with the MSC 3D failure model are presented in the next task.

TASK IV - BLAST DAMAGE SIMULATIONS AND PARAMETRIC STUDIES

The sandwich panel shown in Figure 9 was analyzed. The 3D failure model, together
with the property degradation model described previously in Task lIc and Task llla, were
used for simulation. For simplicity, only the fiber failure and delamination in the composite
face sheets were considered, and the composite matrix failure and core failure were ne-
glected. The layer elastic properties together with the strengths for the S2/Epoxy and
IM7/8552 systems are listed in Table 2.

Plots of the deformed sandwich panel with S2/Epoxy face sheets at O.5msec,
1.0msec, 1.5msec, 2.0msec, and 2.45msec are shown in Figures 23-27, respectively.

From these figures one can observe the evolution of delamination in both face sheets due
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to the propagation of the through the thickness shock waves and the subsequent flexural
waves. As a reference, Figure 28 shows a photograph of a quadrant of a damaged square
sandwich panel following a mine blast test. The blast test was performed by the Army
Research Laboratory [22]. Note that the current analyses utilized the same sandwich con-
figuration and materials. It is evident that the extensive delamination shown in Figure 27
can be qualitatively correlated to the test result of Figure 28.

Blast analyses of the sandwich panel were also performed to evaluate the effect of
using IM7/8552 face sheets. It is seen from Table 2 that the IM7/8552 provides higher
values of the transverse normal and shear strengthé than the S2/Epoxy system. The
IM7/8552 is known to provide improvement of delamination resistance for composite
plates subjected to low energy impact conditions. Figures 29-31 show the deformation of
the sandwich panel at 0.5msec, 1.0msec and 1.63msec, respectively. Despite the im-
proved through the thickness strengths, extensive delamination is predicted in the
IM7/8552 face sheets. In fact the spalling delamination in the bottom IM7/8552 face
sheets is more pronounced than that in the S2/Epoxy face sheet at about 1.5msec. This is
likely due to the fact that the high in-plane stiffness of the IM7/8552 system provides high

bending resistance and results in high local delamination stresses.
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CONCLUSIONS

The Phase | program has been successful in demonstrating the integration of MSC’s
composite material models into the dynamic analysis code LS-DYNA3D for predicting de-
formation and failure of composite structures under mine blast conditions. The availability
of such a dynamic analysis code for the design of composite structures under complex
loading conditions will greatly facilitate the development of light weight composite CPKs.

The dynamic analysis code LS-DYNA3D was selected as the vehicle for further devel-
opment. The selection is based on its capability to model explosive loading, shock and

high velocity impact problems. Key accomplishments of the Phase | program are:

e Derivation equations of state for general heterogeneous anisotropic media that are suit-
able for composite shock wave analysis.

e Successful integration of first order MSC composite material models into LS-DYNA3D.

e Demonstration of this capability by analysis of a composite sandwich panel under blast
loading conditions.

e Demonstration of the potential for performing progressive failure predictions through
the implementation of a 3D failure model and the associated simple property degrada-
tion model.

e Identification of improved failure criteria that can better characterize the failure modes

expected in composite structures under mine blast conditions

It should be noted that, though LS-DYNA3D was selected for this SBIR, the models and
methods are generally applicable to other hydrocodes with user-defined material modeling

capabilities.
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GLOSSARY OF TERMS

3D Brick Elements

A type of finite element used to describe a 3D volume of
material. These elements are used for modeling struc-
tures where an accurate three dimensional assessment of
the stress state is required.

3D Failure Model

A material model used to determine onset of failure under
a 3D stress condition developed from a 3D brick or thick
shell model.

Anisotropic Material

A material where the subject properties are NOT inde-
pendent of the direction of measurement.

AUGUST

A computational fluid mechanics code developed by Sci-
ence Applications International Corp. (SAIC) for predicting
shock wave and blast pressure distributions produced by
an explosive detonation.

Composite Material

A artificial material composed of at least two phases, or -
constituents: - usually a fibrous reinforcement phase, and
a cementatious matrix phase. A composite material may
be isotropic, transversely isotropic, orthotropic, or ani-
sotropic depending on the properties and distribution of
the reinforcement and matrix.

Constituitive

Pertaining to the properties of the composite constituents:
- fiber and matrix

Continuum

The assumption of material continuity.

CONWEP

A computational method for predicting blast pressures
produced by detonation of an explosive charge, see Ref.
14.

Coulomb-Mohr

A recently postulated composite failure criterion based on
Coulomb friction damage. See Ref. 8.

CTH

A commercial hydrodynamic analysis code.

Damage Function

An arbitrary function which relates the state of damage in
a composite ply to the strength of the ply under that dam-
age mechanism.

Delamination

A common failure mechanism in composite laminates
whereby a crack develops parallel to the plane of the indi-
vidual plies within the laminate. This crack can cause par-
tial or complete separation of the laminate.

Deviatoric Strain/Stress

The non-pressure part (plasticity) of the strain/stress com-
ponent.

DYNAS3D

A finite element analysis code developed at Lawrence
Livermore National Lab for prediction deformation and
failure under dynamic loading situations. See also dy-
namic analysis code

Dynamic Event

An event whereby properties, shape, loads, etc. may vary
as a function of time

Dynamic Analysis Code

An analysis code where the modeling formulation is com-
patible with large deformation and high strain rate events
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Equation of State

The relation between volume, pressure, and absolute tem-
perature for a given mass of material.

Faiture Criterion

A criterion for determining failure whereby the value of a

given measure (stress, strain, energy), or combination of

measures, is compared to a predetermined “failure” value
for that measure of measures.

Fiber Breakage

A common failure mechanism in fibrous composites asso-
ciated with the tensile, or compressive failure of the rein-
forcement fibers. This is a high stress failure mechanism
associated with final failure of the laminate

Fiber Failure

See Fiber Breakage

Fiber/Matrix Cracking

A common failure mechanism in fibrous composites asso-
ciated with separation of the fiber and matrix parallel to
the fiber orientation under transverse load conditions.
This is low stress ply failure mechanism which is not usu-
ally associated with final failure except in certain highly
oriented laminates loaded in the transverse direction.

Heterogeneous Mate-
rial

A material composed from at least two other constituent
materials. Composites are heterogeneous. Heterogene-
ous materials may be isotropic, or anisotropic, etc.

Homogeneous A material composed of a single constituent. Homogene-
ous materials may be isotropic, or anisotropic, etc.
Isotropic A material where the subject properties are independent

of the direction of measurement. An isotropic material
may be heterogeneous, or homogeneous.

Lagrangian Finite Ele-
ment Code

A finite element code based on a Lagrangian description -
a description of elements based on the undeformed state
which may subsequently deform and flow, but across
whose boundaries material may not flow.

Laminate, Lamination,
Laminae

An stack of multiple individual plies (laminae) arranged to
suit the requirements of a given application. The creation
of a laminate

LS-DYNA3D

The PC-version of DYNA3D marketed by KBS2 Inc.

Material Model

A mathematical model which describes one, or more as-
pects of the behavior of the material of interest: - defor-
mation, failure, etc.

Matrix Shear

A failure mode in composite materials whereby separation
takes place by shear failure of the matrix phase.

Mesh

The result of the discretization of the structural geometry
into an arrangement of finite elements. A coarse mesh is
composed of few, large elements. A fine mesh is com-
posed of many,, small elements. The mesh size deter-
mines both the accuracy of the results (fine - more accu-
rate), and the computational efficiency of the model
(coarse - runs faster).
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Micromechanics

A material modeling approach used in composites
whereby the properties of the material are derived from an
examination of the properties and arrangement of the
constituent materials.

Mixture Theory

A theory which states that the properties of a mixture are
dependent on the properties of the mixture constituents
and their relative proportions within the mixture.

Orthotropic

A material which exhibits three perpendicular planes of
symmetry.

Plasticity Theory

A theory used to describe the behavior of materials in the
non-elastic regime.

Ply

The basic building block of a laminate. A single layer of
unidirectional tape or woven cloth.

Ply Separation

The separation of plies parallel to their plane. See also
delamination.

Progressive Failure

A failure process characterized by a succession of individ-
ual failure events of increasing severity.

Quasi-Static Event

An event whereby changes in shape, properties, load,
etc., are not considered as a function of time.

Sandwich Panel

A composite construction designed for high bending rigid-
ity, and low weight, usually characterized by two com-
posite laminates (face sheets) separated by a low density
foam, balsa, or honeycomb core.

Sub-Cycling Numerical
Scheme

A numerical scheme whereby detailed calculation of local
effects are conducted outside the main solution routine.

Thick Shell Elements

A type of finite element used for modeling structures
where thickness is small compared to the other dimen-
sions. However, the element formulation allows an ap-
proximation of the element stress state in the thickness
direction.

Thin Shell Elements

A type of finite element used for modeling structures
where thickness is small compared the other dimensions.
The stress state in the thickness direction is not formu-
lated.

Transversely Isotropic

A material with isotropic symmetry in one plane. A unidi-
rectional ply is transversely

Unidirectional

A composite material construction where all the fibers are
oriented in a single direction.

User-Defined Module

A user-created module which may be introduced into a
computational solution routine, or code, for determining
effects or results of interest to the user. LS-DYNA3D al-
lows the introduction of user-defined material models for
dynamic analysis of structures composed of non-
traditional materials.
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STEP {9 THAE =~ 2.4499996E-013

SCALE FACTOR « 1 IIMEHT

* MAX. DISPL 1.17791EB+01 AT NODE 102

CURRENT FART [ POIENN )

jected to Blast Load - Demonstration

Figure 27. Response of a Half of Sandwich Panel with S2/Epoxy Face Sheets Sub

of Delamination Progression at 2.45 msec.
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CURRENT PART [ PO )

Figure 30. Response of a Half of Sandwich Panel with IM7/Epoxy Face Sheets Subjected to Blast Load - Demonstration

of Delamination Progression at 1.0 msec.
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APPENDIX A: AN EQUATION OF STATE FOR TRANSVERSELY
ISOTROPIC MATERIALS

An equation of state that is suitable for a unidirectional composite material is derived in
this Appendix. This generalized equation of state relates the pressure to both the volumet-

ric strain and the deviatoric strain.

Stress-Strain Relation

A typical unidirectional composite layer has isotropic properties in the plane transverse
to fibers. Let axis.number 1 designate the axis of symmetry (fiber direction). The stress-

strain relations for a transversely isotropic material can then be written in the form

Oy C, C, G, &
On C, Cn Gy &
Os3 | C, Gy Cyp &3
O - 2Cq 2P (A1)
On Cyp —Cy &x
| O3 L 2C55__531

The five constants, Ci;, Ci2, Cx, Cx, and Ce designate the five independent effective
properties of the transversely isotropic medium. Those five elastic constants can be ex-

pressed in terms of the usual engineering properties as

C,=E,+40.K,

C, =2K,v,
C, =G; +K;
Cy =-G; +K; (A2)
Ce =G,
1 1-v, 2v

2K, E, E,
where Ea. is the axial modulus, Er is the transverse modulus, v, =-&,/¢&, is the axial
Poisson’s ratio, v, =—&,, / &, is the transverse Poisson’s ratio, G is the axial shear modu-

lus and G+ is the transverse shear modulus.




Pressure - Strain Relation

The total stress, c;, can be expressed as the sum of the deviatoric components, cj’,
and the pressure, p. That is

o, =0, —-6;p (A3)
where §; is the Kronecker delta function and the pressure is defined as
1
pz—g(O'” +0, +0y3) (A4)
The total strain, &; is related to the deviatoric strain, &;’, and the volumetric strain, A, as
o1
& =& +§5,.1.A 7 (AD)

Note that the volumetric strain is given by A=V /V,—1=p,/ p—1 where V is the spe-

cific volume which is the inverse of density p and the initial values are denoted by the sub-

script “o”. For small strain,

A=¢g,+&, +&; (AB)
and thus
8;1 +81;2 +€;3 =0 (A7)

Substituting Equation (A5) into Equation (1), the pressure of Equation (A4) is

1
p= #E(Cn +2C22 +4C12 +2C23)A
(A8)

1 .1 . .
_E(Cll +2Cl2)gll _E(CZZ +C12 +C23)(822 +833)
It is seen from Equation (A8) that for transversely isotropic materials, the pressure de-
pends on both the volumetric strain and the deviatoric strain components.
For an isotropic material, the elastic modulus, E, and Poisson’s ratio, v, are identical in

all the directions. Utilizing Equation (A7), Equation (A8) for isotropic conditions reduces to:

E
=—-——7A=-KA A9
P=73(1-20) (A9)
Equation (A9) is the usual expression for isotropic material that relates the pressure to
the volume strain through the bulk modulus, K.
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Equation of State

In LS-DYNA3D, a polynomial equation of state, which is linear in internal energy, E,, is
given as
p=C,+Cou+Cyi? +Cyp? +(C, +Copt+ Cti*)E, (A10)
where u=p/p,—1=-pA/p,, and the C;’s are to be determined from experimental data.

It is noted from Equation (A8) that the complete equation of state for transversely isotropic
materials must account for the portion of pressure resulting from the deviatoric strain.

Consequently, the equation of state of Equation (A10) is modified as:

p=Co+Cu+Cyu® +Cot* +(C, +Cou+Cop)E,
1 .2 . , (A11)
_§(C11 +C12)8n _E(sz +C, +C23)(522 +g33)

The material constant C, can be obtain from Equation (8). At small volumetric strain,

u~A. Therefore,

1
C = “E(C” +2C, +4C,, +2Cz3) (A12)

For isotropic conditions, C, reduce@ to the material bulk modulus.
S
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APPENDIX B: A MIXTURE THEORY FOR EQUATION OF STATE

In this Appendix, the simple mixture theory given by Torvik [10] is used to develop the
effective equation of state for a unidirectional composite under shock compression.

Note that Torvik’s theory predicted the pressure-density relationship across a shock for
a homogeneous isotropic mixture based on the Hugoniot relationships of the constituents.

Following Reference [10], a general mixture theory for the density change will be pre-
sented for a mixture with n constituents. The resulting system will then be used to obtain

the effective equation of state for a fiber-reinforced composite.

A MIXTURE RULE FOR DENSITY CHANGE

The constituent densities are related to the overall composite density as

la: Zvipi (B1)

where /3 is the density of the mixture as a whole, p; is the density of the ith constituent,
and v, is the volume fraction of the ith constituent. Since the partial mass density of the ith

constituent is v,p, , the mass fraction, y,is defined as:

V. D,
Vi :LDI— (B2)

P
It is important to note that the mass fraction is constant for each constituent during
shock deformation.

Rewriting equation (B1) in term of the mass fractions

1 Yi

b i P

Note that equation (B3) can be verified by using equation (B2).

(B3)

After the material compression, the deformed density p can be related to its value at

the initial state as
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YL

Po _ i Pi

p e

i Pio

where the subscript 0 refers to the initial (unstressed) state. Assume that the mass frac-

(B4)

tion remain constant during deformation, i.e., ¥; =¥,,, and realize that

P Pio P
and
Ji
Pio :
0y (B6)
—}ii_ 1

i i0

Thus, equation (B4) can be rewritten

Po _ Zv,_[&«z} (B7)

;) i Pi

The mixture rule of equation (B7) for density change was derived by Torvik. Similarly it

can be readily shown that the following relation can be derived:

L3y, (_/’_] (B8)
Written in terms of the reduced density, 4 = p/ p, —1, the mixture rule has the form
/:1 = Zviaui (B9)

where /_1 and ,izi are the reduced densities for the composite and the ith constituent, re-

spectively. Equation (B9) will be used to obtain the composite equation of state in the

next section.
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COMPOSITE EQUATION OF STATE

An approximate procedure will be introduced to obtain the effective equation of state
for a unidirectional composite. This procedure can be readily extended to arbitrary lami-
nate configurations.

in the monthly report of July, a polynomial equation of state with the generalization to
transversely isotropic medium has been provided. It has the general form:

p=C,+Cu+Cyp® +Coi® +(Cy + Copr+ Cu?)E,
1 .2 , , (B10)
"3'(Cn +C12)gn —g(czz +Cp, + C23)(522 + 533)
where E, is the internal energy, C;, are the elastic constants given in July’s monthly report.

The material constant C, is obtained in the small volumetric strain region, u = A as,

1
C, = —E(C” +2C,, +4C,, +2Cy,) (B11)

Consider the equations of state for the fibers and the matrix in a unidirectional com-
posite
pm — C]mﬂm +C2mlum2 +C3'",u.'"3 +l—-mE;n
1 m m ' 2 m m m m' o' (81 2)
_E(Cn + Clz)gn _'g(czz +Cy, +C23)(322 +333)
and
pl=Cl +C{ +C{ p”? +1"ng
1 .2 , , (B13)
—E(c]f, +Ch)el, --?:(czf2 +ChL+CL)(eh +¢f)
where the superscripts f and m referred to the fiber and matrix, respectively. The same
expression is used for the effective composite equation of state as
[_7 =Ciu’+ Cf,uc2 + C;,u"3 + F‘E;
1 5 (B14)
- E(Clcl + Cxcz)glcl - E(Czcz +Cp, + C;)(g;z + 5303)
where the superscripts c¢’s are used to denote the corresponding composite values. The
composite material parameters C;,I'“and C; will be obtained from the corresponding ma-

terial parameters of fiber and matrix.
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First, the composite elastic material parameters C; and all the C; can be obtained at
the elastic state (low pressure range) through an elastic micromechanical model such as

composite cylinders assemblage. Next the composite Gruneisen constant I'° for the
thermodynamic pressure will be obtained by assuming the overall requirement of partition-

ing the energy such that
pE.=p,E} +pE] (B15)
and the equilibrium of thermodynamic pressures in the constituents
mrm _ 1T/l — crc
I‘Eg =T Eg—FEg (B16)
Utilizing equations (B15) and (B16), we have

P _Pu Pr
_ L, B17
r- r r’ (B17)
Finally, the material constants C; and C; will be obtained from the mixture rule for the

reduced density of equation (B9) and the equilibrium assumption of the total pressure such

that

p=p"= pf (B18)
At this moment, closed-form solutions are not available. However, at various pressure

levels, the density changes in the fiber and matrix, x4, and u,, respectively, can be com-

puted from equations (B13) and (B14). By the use of equation (B9), a relation between the

pressure and the composite reduced density ,1_1 can be established numerically. Through

this relation, the constants C; and C; can be determined by the least squares curve fit.

The only difficulty existing to implement this procedure is to evaluate the internal energies
in the fibers and matrix at each pressure level. One approximation is to determine these
two constants under isentropic low pressure rate condition where the thermodynamic
pressure is negligible. The other alternative is to include the mixture procedure in the hy-
drocode where the internal energy of an element is available. Further evaluation concern-
ing implementing the proposed mixture theory for the composite equation of state will be

conducted in Phase |l.
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APPENDIX C: COMPOSITE LAYER FAILURE MODEL

Failure criteria utilizing all six components of stress will be incorporated in LS-DYNA3D
to better characterize the damage in composite structures under mine blast loading.
Hashin’s failure criteria with a slight modification will be used to predict failure within a
composite layer [8]. These criteria define distinct modes of failure for both the fiber and
matrix. Under high compressive loading conditions, a Coulomb-Mohr type failure criterion

recently developed at MSC, [9], will also be considered. All failure criteria are expressed in
terms of stress components based on ply material coordinates (0',,02,63,112,123,13,) with

1 denoting the fiber direction.
FIBER FAILURE MODES

The fiber tensile mode assumes a quadratic interaction between the axial stress and

the maximum axial shear. The fiber tensile/shear failure is predicted when

2 2
(o} T + T
1]_7 " (12 51) _

S 1 C1
Y AYP) cn

where S and §,, are the axial tensile and axial shear strengths, respectively. This
criterion is applicable when o, is positive, and is used to predict a failure mode

characterized by fiber breakage.

When o, is compressive it is assumed that failure is characterized by fiber buckling
and is only dependent upon o;. The compressive fiber mode failure criterion is then given

by the maximum stress criterion
01 2
— /=1 (C2)
[ 5 ]

where S is the axial compressive strength of the ply.
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MATRIX FAILURE MODES

Matrix mode failure are characterized by cracks running parallel to the fibers. Failures
are described as being tensile or compressive, depending upon the sign of the quantity
(o, + 03). Both matrix mode failure criteria assume quadratic interactions between the
transverse stresses (both in-plane, o, and through the thickness, o;), the maximum shear
in the transverse plane, and the maximum axial shear.

When (o, + 03) is positive, the tensile mode criterion is used. This criterion is given

by
o, + O 13 - 02 O 2, + 172
2 ! 3]2 + ( 23 : 2 3) + ( 12 : 31) — 1 (C3)
Ss 23 Si2

where S5 and S»; are the transverse tensile and transverse shear strengths.

For (o, + 03) negative, the compressive failure criterion is given by

Oz - 0'3]3 4+ 2
5 723 . (13, + 731) _

2
S35 iz

[

1 (C4)

which is a simple quadratic interaction between the maximum transverse and axial shear

stresses. Failure predicted by this criterion will be referred to as shear failure.

DELAMINATION MODES

A delamination is a crack which runs in the resin-rich area between plies with different
fiber orientation. Delamination caused by transverse impact usually occurs after a
threshold of energy has been reached. It has been observed that delamination only occurs
in the presence of matrix cracks. Taking into consideration of the presence of a high
through the thickness normal stress due to the transverse blast wave, a simple strength
criterion for delamination is assumed to have the following form.

For a tensile through the thickness normal stress, o, >0, the criterion is given by
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2 2 2 2 2
o, +0 +
S{ 2 1oy, T, (T T”)} =1 (C5)

H 8% 72
For a compressive through the thickness normal stress, o, <0, the criterion is given by

S{O'z2 + 35 + (Tiz + Tgl)} - J (C6)

12 2 2
2 S 23 12

Note that S is used as a scale factor which can be determined from fitting the analytical
prediction to experimental data for the delamination area. It is also noted that the delami-
nation criterion is provided as a first approximation for characterizing delamination progres-
sion under transverse blast loading conditions. For further study, it may be more appropri-
" ate to utilize a fracture mechanics delamination model, which is based on the critical val-

ues of interface energy release rates, to evaluate the dynamic delamination failure.
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